Terahertz (THz)-wave generation has been conducted based on difference frequency mixing (DFM) process with phonon-polariton excitation of ε-GaSe single crystals implemented with liquid-phase solution growth using the temperature difference method under controlled vapour pressure for the first time. The type-eoo phase matching condition for the DFM process at around 10 THz is satisfied by changing the incident angle into the crystal. The maximum conversion efficiency in the present DFG process is about 10 −6 J −1 using a 0.1-mm-thick GaSe single crystal with the only ε-phase polytype, which can be greater than that of the commercially available Bridgman grown GaSe crystal including both ε-and γ-phase polytypes.
tion because of their unique features, such as high transmittance through non-metallic materials, low photon energies that correspond to thermal energies of room temperature and weak molecular bonding, especially the hydrogen bonding. These features can be applied for non-destructive inspection, label-free identification of biomolecules, environmental polluting gas monitoring, and high speed wireless communication, etc. [1] [2] [3] .
Monochromatic THz sources based on the nonlinear optical (NLO) effect such as optical parametric oscillation and difference-frequency generation (DFG) are promising methods due to their characteristic features such as high power, widely tuneable frequency and room temperature operation. NLO crystals based on the semiconductor material (GaAs [4] , GaP [5] [6] , and GaSe [7] [8] [9] , etc.) are attractive materials because of their high NLO coefficient, high transparency in both infrared and THz regions, and the controlled growth methods to produce high quality single crystals. Especially, GaSe crystals are attractive materials because of the capability of high NLO coefficient (d = 54 pm/V) [10] and THz wave generation in the wide frequency range which covers not only the THz frequency region but also mid-infrared regime (0.1 -100 THz) [9] . In addition, it is noted that the birefringence of bulk GaSe enables collinear phase matching conditions for THz generation via DFG process [7] [8] [9] .
Most of commercially available GaSe crystals are grown using Bridgman method which introduces nonstoichiometric composition due to dissociation of Se atoms and introduction of point defect at the thermal equilibrium condition by high crystal growth temperature [11] [12]. Additionally, it has been shown that GaSe single crystals grown by this method possess several poly types. Therefore, not only the stoichiometry control but also the poly type control of GaSe single crystal is the serious problem for the fabrication of high quality NLO materials. We have successfully fabricated ε-GaSe single crystals for the first time using liquid phase solution growth based on temperature difference method under controlled vapour pressure (TDM-CVP) [13] [14] . This growth method can provide high quality NLO materials with low optical absorbance in both infrared and THz regions by precise stoichiometry control at lower growth temperature because the grown GaSe crystal possesses the single ε-phase polytype compared with that grown by Bridgman method which contains ε-and γ-phase polytypes.
In this paper, it is shown that we conducted THz generation via DFG process using single polytype ε-GaSe single crystals grown by liquid phase solution method based on the TDM-CVP. Then, THz output characteristics were obtained by satisfying type-eoo phase matching conditions under the collinear phase matching conditions in the crystal.
Experimental Section

Sample Preparation Procedure
GaSe single crystal was prepared by the liquid phase solution method using TDM-CVP. Single poly type of ε-GaSe has been confirmed by X-ray diffraction (XRD) method and backward Raman scattering spectroscopy [13] . The input and output surfaces of the grown ε-GaSe were prepared by cleaving on (0001) plane by Scotch tape peeling-off method. Figure 1 shows typical optical microscope photograph (Nomarski differential interference contrast microscopy) of GaSe surface morphology after peeling. It is shown that the smooth surface morphology after the surface treatment can be obtained. The crystal thickness in c-axis direction was adjusted to be 0.1 mm by this peeling method, and anti-reflection coating was not applied to both input and output faces. Figure 2 illustrates the experimental setup for THz wave generation. Two ns-pulsed infrared pump light sources based on Cr:Forsterite laser (LOTIS TII Inc., 12 ns pulse duration, 500 MHz linewidth, 10 Hz repetition rate) excited by a Q-switched 2ch. Nd:YAG laser (LOTIIS Inc.). Wavelength of the pump source was fixed at 1203 nm, and signal source wavelength is able to tune in the range from 1249 nm to 1254 nm which corresponds to the difference frequency range from 9.4 THz to 10.4 THz. The incident beams with pulse energy of each 5 mJ were collimated with diameter of 1 mm and combined in acollinear configuration. The collimated beams were incident onto (0001) plane of the ε-GaSe crystal. The polarizations of pump and signal sources were set to orthogonal configuration to satisfy a type-eoo phase matching (PM) condition in the collinearly phase matched DFG process. THz output radiation from the GaSe crystal was collected by off-axis parabolic mirrors and detected using a 4K-Si bolometer (Infrared Inc.). The infrared excitation beams were safely blocked by using a black polyethylene film located in front of the Si bolometer. 
Optical Setup for THz-Wave Generation
Results and Discussion
THz-wave generation was achieved on the basis of type-eoo PM condition using the c-axis cleaved ε-GaSe single crystal with 0.1-mm-long. Figure 3 shows external phase matching angle as a function of the difference frequency between two infrared sources. The external PM angles were measured as about 43, 42, and 41 degrees in the difference when the difference frequency was set to 9.41, 9.95, 10.41 THz, respectively. The type-eoo phase matching condition for THz-wave generation is expressed by, 
where θ is angle between the propagation direction and c-axis of the GaSe crystal. Dashed curve in Figure 3 corresponds to the calculated results on the basis of Equations (1)- (4). The PM angles obtained from the experiment show slight deviation with and calculated results. The 100-µm-thick GaSe crystal shows large acceptance angle for PM condition (shown as error bar in Figure 3 ) compared with 5-mm-thick GaSe crystal [7] (shown as open square in Figure 3) . Figure 4(a) shows the THz output power as a function of the external PM angle between c-axis of the crystal and the incident direction of the optical beams. For the type-eoo PM condition, monochromatic THz-waves with linewidth of about 0.5 GHz were generated effectively above upper phonon-polariton branch at 9.41 THz, 9.91, and 10.41 THz, respectively. Maximum THz output power at each fixed frequency position decreased when the THz frequency increased because water vapour absorption exist around 10 THz [15] [16] . Periodical THz output power variations in association with the PM angle change were observed in this figure. The reason of this phenomenon is expressed due to the interference of each incident infrared source and output THz-wave. The calculated result at difference frequency at 9.41 THz by taking into account for the interference contribution was shown in Figure 4(b) , which is consistent with the experimental result.
The THz output peak power was estimated with the calibrated Si bolometer and black polyethylene filter, which blocked the pump and signal beams. Power calibration of Si bolometer used was carried out by using black body radiation [17] . The highest THz peak power of 3 mW was achieved when the external phase matching angle was set to 44 degrees the difference frequency of THz-wave was set to 9.41 THz. The corresponding conversion efficiency was estimated to be about 1.2 × 10 −6 J −1 by using the 0.1-mm-long crystal. This estimated conversion efficiency can be comparable with the THz output from the commercially available 2-mm-long GaSe crystal grown by Bridgman method (in the order of 10
) [7] . The improvement of THz conversion efficiency can be supported by the decrease of absorption coefficient for the incident infrared sources associated with the energy state of deep level in the ε-GaSe single crystal [13] [14] .
Conclusion
In conclusion, THz-wave generation via DFG process has been realized using pure ε-GaSe single crystals fabricated by liquid phase solution growth, using the temperature difference method under controlled vapour pressure (TDM-CVP). The type-eoo phase matching condition is satisfied by changing the incident angle into the crystal. The maximum conversion efficiency in the DFG process is about 10 −6 J −1 using a 0.1-mm-long ε-GaSe single crystal. Our growth method is able to provide high quality NLO crystals and develop the efficient monochromatic THz sources. theoritical calc. ref. [7] this work Difference frequency (THz) (1)- (4) (broken line), and that result which was taken into account contribution of the interference of each three interacting waves (solid line).
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